1. IMPORTANCE OF CALPAINS IN THE REGULATION OF CELL FUNCTIONS {#sec1}
=============================================================

The calpain system has now been discovered for over 50 years \[[@r1]\], and many studies have indicated that this family of calcium-dependent proteases plays important functions under physiological and pathological conditions in the brain and other organs \[[@r2], [@r3]\]. Nevertheless, there is still a paucity of information regarding the organization and functions of the signaling pathways regulated by these proteases. Among the 15 calpain isoforms identified, calpain-1 (aka µ-calpain) and calpain-2 (aka m-calpain) are ubiquitously distributed in most tissues and organs, including the brain. These 2 isoforms exhibit a high degree of homology Fig. (**[1](#F1){ref-type="fig"}**), and the major difference consists in their calcium requirement for activation, with calpain-1 requiring micromolar calcium concentrations and calpain-2 millimolar calcium concentrations. Another significant difference between these 2 isoforms is the existence of different PDZ binding sequences in their C-terminal domains, which impart differing binding partners for these 2 isoforms \[[@r4]\]. Calpain-2 exhibits a typical class I PDZ binding domain, while calpain-1 exhibits a class II PDZ-binding domain. PDZ proteins have been found to be central to separating signal transduction pathways and eliminating cross-talk between signal transduction pathways \[[@r5]\]. We recently identified the tyrosine phosphatase, Protein Tyrosine Phosphatase, Non-receptor Type 13 (PTPN13), aka FAP-1, as the PDZ binding partner of calpain-2, and we showed that activation of calpain-2 but not calpain-1 cleaves PTPN13, and inactivates its phosphatase activity, resulting in c-Abl activation and tau tyrosine phosphorylation \[[@r6]\]. While the PDZ-binding partner of calpain-1 has not been identified, we previously found that calpain-1 but not calpain-2 can be immunoprecipitated with NR2A subunits of NMDA receptors following their activation \[[@r7]\]. This suggests that calpain-1 but not calpain-2 is associated with the large cluster of proteins linked to synaptic NMDA receptors. On the other hand, calpain-2 appears to be activated following stimulation of extrasynaptic NMDA receptors, and as mentioned above, is associated with PTPN13. While PTPN13 has been shown to play a role in cancer, little is known regarding its functions in the brain.

We have recently proposed that calpain-1 and calpain-2 play opposite functions in the brain, with calpain-1 activation being required for triggering synaptic plasticity and neuroprotection, and calpain-2 limiting the extent of plasticity and being neurodegenerative \[[@r4]\]. We have also proposed that these opposite functions of calpain-1 and calpain-2 are related to their association with different signaling pathways, as a result of their binding to different PDZ-binding partners. However, the precise nature of the signaling pathways regulated by calpain-1 and calpain-2 remains largely unknown, thus preventing a clear understanding of their functions under both physiological and pathological conditions.

2. TARGETS OF CALPAIN-1 AND CALPAIN-2 {#sec2}
=====================================

Calpain-mediated cleavage has been observed in cytoskeleton proteins, membrane-associated proteins, receptors/channels, scaffolding/anchoring proteins, and protein kinases and phosphatases \[[@r8]-[@r10]\]. However, it is important to stress the difference between *in vitro* substrates and *in vivo* substrates. While many proteins can certainly be cleaved by calpain in cell-free systems, the real calpain substrates are the proteins that are actually cleaved under various conditions following calpain activation inside cells. To limit the scope of the review, we will focus on calpain substrates belonging to three regulatory pathways, i) local protein synthesis, ii) actin cytoskeleton regulation, and iii) neuronal survival/cell death.

2.1. Local Protein Synthesis {#sec2.1}
----------------------------

Among all the intracellular signaling pathways involved in local translational control, activation of the mammalian target of rapamycin (mTOR) plays a central role in activity-dependent synaptic plasticity at CA3-CA1 synapses \[[@r11], [@r12]\]. Binding of brain-derived neurotrophic factor (BDNF) to tyrosine receptor kinase B (TrkB) receptor initiates a signal transduction cascade, which induces the stimulation of phosphoinositide-3-kinase (PI3K)- and Akt-mediated mTOR phosphorylation leading to the stimulation of several translation factors, including the ribosomal protein S6 and the eukaryotic initiation factor 4E (eIF4) \[[@r13]\]. We recently identified a novel mechanism for BDNF-induced stimulation of mTOR-dependent protein synthesis in dendrites, which involves calpain-2-mediated degradation of phosphatase and tensin homolog (PTEN) \[[@r11]\], a negative regulator of PI3K/Akt signaling. Noteworthy, PTEN represents the first isoform-specific calpain substrate ever identified *in vitro* and *in vivo,* which has been used to selectively monitor calpain-2 activity under different physiological or pathological conditions \[[@r11], [@r14]-[@r16]\]. Furthermore, we showed that calpains cleave tuberous sclerosis proteins 1 and 2 (TSC1 and TSC2), also known as hamartin and tuberin, respectively, and this effect was found to contribute to BDNF-mediated mTOR activation \[[@r11]\], as both TSC1 and TSC2 function are suppressors of mTOR activity. Calpains have also been reported to cleave the regulatory and catalytic subunits of PI3K, thereby inhibiting Akt/mTOR signaling, although these effects were observed under non physiological conditions (*i.e*., serum starvation) and in cell lines \[[@r17]\]. Whether a similar phenomenon occurs in neurons remains to be explored.

2.2. Actin Cytoskeleton Regulation {#sec2.2}
----------------------------------

Spectrin isoform αII, also known as brain spectrin or α-fodrin, was the first-identified substrate of calpains and is the principle component of the neuronal sub-membrane cytoskeleton \[[@r18]\]. αII-spectrin is anchored to the plasma membrane and binds to actin, calmodulin, and microtubules. Cleavage of spectrin by calpain alters the dynamic organization of membrane domains and membrane trafficking events \[[@r19]\] and thus changes synaptic integrity and stability. Other preferred cytoskeletal substrates of calpains include: microtubule-associated proteins (MAPs), neurofilament proteins \[[@r20]\], actin \[[@r21]-[@r24]\], cortactin \[[@r25]\], drebrin \[[@r26]\], RhoA \[[@r27], [@r28]\], integrin \[[@r29], [@r30]\], talin \[[@r31]\] and myristoylated alanine-rich C-kinase substrate (MARCKS) \[[@r32]\]. At this point, it is not known whether these proteins are differentially cleaved by calpain-1 and calpain-2.

2.3. Neuronal Death {#sec2.3}
-------------------

While there is an abundant literature supporting the role of calpain in neurodegeneration, there is a paucity of information regarding the respective roles of calpain-1 and calpain-2 in this process, as well as the nature of the calpain targets that participate in neurodegeneration. Furthermore, while overactivation of calpain has been implicated in a wide range of pathological states, including stroke, epilepsy, traumatic nerve injury, neurodegenerative disorders, and aging \[[@r33]-[@r35]\], a number of studies have reported opposite findings, indicating that calpain activation could also provide neuroprotection under certain conditions \[[@r8], [@r36], [@r37]\]. As mentioned above, we reported that calpain-1 is neuroprotective due to calpain-1-mediated truncation of PHLPP1 and the resulting activation of the Akt pathway \[[@r4]\]. We showed that calpain-2 is associated with a multi-protein complex, which includes extrasynaptic NMDARs, and that activation of extrasynaptic NMDARs results in calpain-2 activation \[[@r7]\]. NR2B subunits are enriched in extrasynaptic NMDARs \[[@r38]\], and their activation is critical for excitotoxicity \[[@r39], [@r40]\]. Furthermore, NR2B directly binds RasGRF1, which provides a link between NMDAR activation and ERK activation \[[@r41]\]. As mentioned above, ERK activation directly phosphorylates and activates calpain-2 \[[@r42]\]; thus, this pathway is likely responsible for the prolonged activation of calpain-2 following stimulation of extrasynaptic NMDA receptors. Numerous studies have shown that calpain cleaves striatal-enriched tyrosine phosphatase (STEP), generating inactive fragments, resulting in activation of p38 and downstream cell death signaling pathways \[[@r43], [@r44]\].

3. POTENTIAL THERAPEUTIC APPLICATIONS OF SELECTIVE REGULATORS OF CALPAIN-1 AND CALPAIN-2 {#sec3}
========================================================================================

Based on the findings presented above, it follows that a selective calpain-1 activator could enhance synaptic plasticity and be neuroprotective. Calpain-1 would act as the good Dr. Jekill. On the other hand, calpain-2 would seem to act as the evil Mr. Hyde and a selective calpain-2 inhibitor could enhance synaptic plasticity and be neuroprotective Fig. (**[2](#F2){ref-type="fig"}**).

3.1. Potential Therapeutic Applications of a Selective Calpain-1 Activator {#sec3.1}
--------------------------------------------------------------------------

Calpain-1 is downstream of the synaptic NMDA receptors and is therefore briefly activated following stimulation of synaptic NMDA receptors \[[@r7]\]. As mentioned above, calpain-1 activation is necessary for certain forms of synaptic plasticity and is neuroprotective in several models of acute neurodegeneration \[[@r15], [@r16], [@r45]\]. While calpain-1 is normally activated following an increase in calcium concentration, there are potentially several possibilities to enhance calpain-1 activation. First, calpain-1 is inhibited by the endogenous calpain inhibitor, calpastatin \[[@r46]\]. While the mechanism regulating calpastatin binding to calpain is not clearly understood, it might be possible to design small molecules inhibiting this binding, which would therefore function as calpain activators. However, because calpastatin inhibits both calpain-1 and calpain-2 such approach might be difficult to implement as the small molecules would need to selectively inhibit the binding of calpastatin to calpain-1. We reported that calpain-1 and calpain-2 exhibit different PDZ biding domains, with calpain-2 presenting a typical PDZ binding domain, and calpain-1 an atypical PDZ binding domain \[[@r4]\]. This finding suggested that calpain-1 and calpain-2 bind to different clusters of signaling proteins, which could account for their differential functions. It is thus conceivable that, by targeting these different PDZ binding domains, it could be possible to selectively manipulate calpain-1 and calpain-2. We have indeed found that selectively targeting the PDZ binding domain of calpain-1 leads to LTP enhancement (unpublished results). Whether this also results in increased neuroprotection following acute injury remains to be determined. In any event, such an approach could be beneficial to treat a variety of disorders associated with learning impairment, including various forms of learning disabilities.

3.2. Potential Therapeutic Applications of a Selective Calpain-2 Inhibitor {#sec3.2}
--------------------------------------------------------------------------

If calpain-2 activation limits the magnitude of TBS-induced LTP and is neurodegenerative, a selective calpain-2 inhibitor would be expected to enhance the magnitude of LTP and possibly facilitate learning and be neuroprotective \[[@r47]\]. We have verified these 2 predictions and found that such an inhibitor enhanced learning in two models of learning, novel object recognition and fear conditioning \[[@r48]\]. It is thus conceivable that a selective calpain-2 inhibitor could have therapeutic applications in a variety of diseases associated with learning impairment.

We have also reported that injection of a selective calpain-2 inhibitor (C2I) following increased intraocular pressure or traumatic brain injury provides neuroprotection \[[@r45]\]. In the case of acute glaucoma, we showed that systemic or intraocular administration of C2I 2 h after the increase in intraocular pressure prevented the death of retinal ganglion cells and maintained vision. These results suggest that a selective calpain-2 inhibitor could be developed for the treatment of acute glaucoma.

Traumatic brain injury (TBI) is the leading cause of death and disability in the age group 1-44. While more than 1 million people experience TBI each year in the USA, about 235,000 of them require hospitalization and 50,000 die \[[@r49], [@r50]\]. Those who survive often experience long-term disabilities, which impose a heavy financial and emotional cost to the entire society. While many mechanisms have been showed to participate in the long-term consequences of TBI, there is currently no consensus regarding the critical events that lead to neuronal damage and neuronal death, which take place during the hours/days following the injury \[[@r51]-[@r53]\]. While the calcium-dependent protease, calpain, has been repeatedly proposed to play a critical role in neuronal degeneration associated with a variety of insults, including TBI, stroke, and other neurodegenerative diseases, there have been conflicting reports regarding the effectiveness of calpain inhibitors in providing protection in stroke or TBI. Part of the difficulty in understanding the role of calpain in neurodegeneration and in TBI was due to lack of understanding of the functions of calpain-1 and calpain-2 in the brain. Results obtained in our laboratory over the last 5 years have provided a much better picture of the selective roles of calpain-1 and calpain-2 in various brain mechanisms, including in TBI. Thus, calpain-1 is rapidly but transiently activated following TBI, while calpain-2 activation is delayed and prolonged. Our results also showed that calpain-2 activation is closely associated with cell death following TBI and that a selective calpain-2 inhibitor, NA101, provides a significant degree of protection when administered systemically after TBI. Finally, our results not only account for the previous conflicting results regarding the involvement of calpain in neuronal death and in particular in TBI, but also strengthen the notion that calpain-2 is a good target to develop new neuroprotective molecules \[[@r47]\]. Our results also showed that calpain-2 activation around the lesion site was not significant until 8 h after TBI, suggesting the existence of an 8 h window post-TBI during which to deliver calpain-2 inhibitors. Systemic injection of NA101 at 1 or 4 h after TBI significantly reduced calpain-2 activation around the lesion area 24 h after TBI, indicating delivery efficacy and a relatively long half-life of NA101 in mice. We also showed that daily injection for 7 days after TBI resulted in a large decrease in brain lesion and in improvement in cognitive and motor function assessed 1 month after TBI \[[@r15]\]. We conclude that these results make a strong case to develop a selective calpain-2 inhibitor for the treatment of military and civilian population experiencing TBI.

Sports-related concussion (SRC) is widely recognized as a major form of mild traumatic brain injury, and as such could well represent another indication where a selective calpain-2 inhibitor could be beneficial. Interestingly, a calpain-generated fragment of brain spectrin, SNTF, has been reported to represent a blood biomarker for mild traumatic brain injury \[[@r54]\]. Furthermore, we also found that calpain-mediated truncation of PTPN13, the calpain-2 PDZ binding partner, represents a new link between calpain-2 activation and tau phosphorylation, which is a hallmark of chronic traumatic encephalopathy \[[@r55]\]. This finding also supports the notion that a selective calpain-2 inhibitor could be beneficial for the prevention of brain damage resulting from repeated mild traumatic brain injury.

Finally, as there is evidence that the same mechanism is activated under several conditions associated with acute neuronal injury, this treatment could be expanded to many other indications outside of TBI/repeated concussions.

CONCLUSION
==========

It is now apparent that calpain-1 and calpain-2 play opposite roles in the regulation of a variety of functions in the Central Nervous System (CNS). As discussed above, this is the result of the association of these 2 calpain isoforms to different signaling pathways through their binding to different PDZ domain-binding partners. In particular, we showed that calpain-1 is downstream of synaptic NMDA receptors and its activation is critical for certain forms of synaptic plasticity and for its neuroprotective effects. In contrast, calpain-2 is associated with extrasynaptic NMDA receptors and its activation limits the extent of synaptic plasticity and is neurodegenerative. These features of calpain-1 and calpain-2 support the idea that a selective calpain-2 inhibitor could be very useful to provide neuroprotection under a variety of conditions associated with acute neuronal injury, such as traumatic brain injury and repeated concussions. It could also be valuable to reverse learning and memory impairments found in several neurological and neuropsychiatric diseases.
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![**Comparison of the catalytic sites of calpain-1 and calpain-2. A**. Amino acid sequences of the catalytic sites of calpain-1 and calpain-2. Calpain-1: PDB: 2ARY_B. Calpain-2: GenBank: EAW93251.1. Identical amino acids are highlighted and amount for more than 75% of the sequences. **B**. Protein backbones shown in surface mode with blue color indicating identical residues and red color non-identical residues. A ketoamide ligand is shown bound to the catalytic site. From \[[@r56]\]. (*The color version of the figure is available in the electronic copy of the article*).](CN-17-823_F1){#F1}

![**Schematic representation of some of the signaling pathways regulated by calpain-1 and calpain-2.** Calpain-1 is downstream of the synaptic NMDA receptors and its activation following NMDA receptor stimulation results in the cleavage of PH domain and leucine-rich repeat protein phosphatase 1 (PHLPP1) and the activation of the Akt and Extracellular signal Regulated Kinase (ERK) pathways, which are responsible for linking calpain-1 to synaptic plasticity and to neuroprotection. On the other hand, calpain-2 is downstream of the extrasynaptic NMDA receptors, and its activation leads to the cleavage of STEP and PTPN13, thus linking calpain-2 to neurodegeneration. In addition, calpain-2 cleaves PTEN, resulting in mTOR activation and placing a break on synaptic plasticity (modified from \[[@r2]\]). As discussed in the text, a selective calpain-1 activator or a selective calpain-2 inhibitor would enhance synaptic plasticity and stimulate neuroprotective mechanisms.](CN-17-823_F2){#F2}
